Reactive oxygen species (ROS) and nitric oxide (NO) participate in NMDA receptor signaling. However, the source(s) of the ROS and their role in the increase in cerebral blood flow (CBF) induced by NMDA receptor activation have not been firmly established. NADPH oxidase generates ROS in neurons, but there is no direct evidence that this enzyme is present in neurons containing NMDA receptors, or that is involved in NMDA receptor-dependent ROS production and CBF increase. We addressed these questions using a combination of in vivo and in vitro approaches. We found that the CBF and ROS increases elicited by topical application of NMDA to the mouse neocortex were both dependent on neuronal NO synthase (nNOS), cGMP, and the cGMP effector kinase protein kinase G (PKG). In mice lacking the NADPH oxidase subunit NOX2, the ROS increase was not observed, but the CBF increase was still present. Electron microscopy of the neocortex revealed NOX2 immunolabeling in postsynaptic somata and dendrites that also expressed the NMDA receptor NR1 subunit and nNOS. In neuronal cultures, the NMDA-induced increase in ROS was mediated by NADPH oxidase through NO, cGMP and PKG. We conclude that NADPH oxidase in postsynaptic neurons generates ROS during NMDA receptor activation. However, NMDA receptorderived ROS do not contribute to the CBF increase. The findings establish a NOX2-containing NADPH oxidase as a major source of ROS produced by NMDA receptor activation, and identify NO as the critical link between NMDA receptor activity and NOX2-dependent ROS production.
Introduction
Nitric oxide (NO) and reactive oxygen species (ROS) are key mediators of NMDA receptor signaling (Kishida and Klann, 2007; Garthwaite, 2008) . NO is produced by neuronal NO synthase (nNOS), an enzyme tethered to the NMDA receptor complex by the postsynaptic density protein-95 (PSD95) (Christopherson et al., 1999; Garthwaite, 2008) . NO is involved in critical NMDA receptor functions, including neuroplasticity, and contributes to the increase in cerebral blood flow (CBF) evoked by neural activity (Iadecola and Nedergaard, 2007; Garthwaite, 2008) . However, the ROS produced by NMDA receptor activation have also been implicated in NMDA receptor function (Kishida and Klann, 2007; Pacher et al., 2007) , and, because of their vasoactivity (Faraci, 2006) , could participate in the increase in CBF. The latter possibility is suggested by the finding that NMDA increases ROS production in cerebral arterioles (Girouard et al., 2006) . However, CBF and ROS have not been measured simultaneously to establish whether ROS contribute to the hemodynamic response induced by relatively low NMDA concentrations. Furthermore, the sources of ROS during NMDA receptor activation have not been identified. Several sources have been proposed to mediate the ROS increase (Dugan et al., 1995a; Patel et al., 1996; Atlante et al., 1997) , but direct ultrastructural and functional evidence linking NMDA receptors to a specific ROS generating system is lacking (Kishida and Klann, 2007) .
NADPH oxidase, a multiunit enzyme comprised of membrane bound and cytoplasmic components. has emerged as an important source of ROS in neurons (Infanger et al., 2006; Bedard and Krause, 2007) . The membrane associated components include p22 phox and the catalytic subunit of the enzyme NOX, of which 5 homologues have been identified (NOX1-NOX5) (Bedard and Krause, 2007) . The cytoplasmic subunit include p40 phox , p67 phox , and p47 phox (Bedard and Krause, 2007) . On activation, p47 phox is phosphorylated leading to the assembly of the enzyme and superoxide production, a process that also requires the small GTPase Rac1 (Hordijk, 2006) . ROS derived from a NOX2-containing NADPH oxidase have been implicated in hippocampal synaptic plasticity and in learning and memory (Kishida and Klann, 2007) . However, it remains unclear whether NMDA receptors are present in neurons that also contain NADPH oxidase and whether NMDA receptor activation leads to NADPH oxidase-dependent ROS production.
We sought to determine whether NADPH oxidase is the source of the ROS produced by NMDA receptor activation, and whether ROS contribute to the NMDA-induced increase in CBF. We found that the source of the ROS is a NOX2-containing NADPH oxidase, which is present postsynaptically in neurons of the somatosensory cortex also expressing the NMDA receptor subunit NR1 and nNOS. nNOS-derived NO is required for both the increase in ROS and CBF evoked by NMDA receptor activation. However, ROS do not contribute to the increase in CBF, which can be entirely attributed to NO via cGMP and protein kinase G (PKG). The findings establish postsynaptic NADPH oxidase as a source of ROS during NMDA receptor activation, and identify NO as the critical link between NMDA receptors and ROS production.
Materials and Methods
Mice. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College. Experiments were performed in 2-to 3-month-old male nNOS Ϫ/Ϫ or NOX2 Ϫ/Ϫ mice on a stable C57BL/6 genetic background (Girouard et al., 2007) . C57BL/6 mice were used as wild-type controls.
Monitoring of CBF. As previously described (Girouard et al., 2007; Park et al., 2008) , mice were anesthetized with isoflurane and the femoral artery was cannulated for recording of arterial pressure and blood sampling. Mice were artificially ventilated with an oxygen-nitrogen mixture adjusted to provide an arterial pO 2 (paO 2 ) of 120 -140 mmHg (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Rectal temperature was maintained at 37°C using a thermostatically controlled heating device. After surgery, anesthesia was maintained with urethane (750 mg/kg; i.p.; Sigma-Aldrich) and ␣-chloralose (50 mg/kg; i.p.; Sigma-Aldrich). Corneal reflexes and motor responses to tail pinch were used to test the level of anesthesia. The somatosensory cortex was exposed through a small craniotomy (2 ϫ 2 mm). The dura was removed, and the site was superfused with a modified Ringer's solution (37°C; pH: 7.3-7.4) [see Iadecola (1992) for composition]. CBF was monitored at the site of superfusion with a laser-Doppler probe (Vasamedic) positioned stereotaxically. CBF changes were expressed as percentage increase relative to the resting level (Niwa et al., 2001) .
ROS detection in vivo. ROS production in brain was determined using dihydroethidium (DHE) microfluorography (Bindokas et al., 1996; Murakami et al., 1998; Girouard et al., 2007) . DHE is a cell permeable dye that is oxidized to ethidium and related products by superoxide (Robinson et al., 2006) . Ethidium is trapped intracellularly by intercalating with DNA (Dikalov et al., 2007) . DHE (Invitrogen; 2 mol/L) was superfused on the somatosensory cortex for 60 min, as previously described (Girouard et al., 2006 (Girouard et al., , 2007 . The brains were removed from the skull, frozen, and then sectioned at a thickness of 20 m on a cryostat. The sections were collected on slides at 100 m intervals throughout the region exposed by the cranial window (Girouard et al., 2006 (Girouard et al., , 2007 . The mounted sections were examined using a fluorescence microscope (Nikon) equipped with a custom filter set for detection of DHE oxidation products (Girouard et al., 2006 (Girouard et al., , 2007 . Images were acquired with a digital camera (Coolsnap; Roper Scientific). Fluorescence intensity was assessed in the brain area of interest. The analysis of ROS production in the different conditions studied was performed in a blinded manner using the IPLab software (Scanalytics). Fluorescence intensities of all sections (30 per animal) were averaged and expressed as relative fluorescence units (RFU) (Girouard et al., 2006 (Girouard et al., , 2007 .
Experimental protocol for CBF and ROS measurement in vivo. Reagents were dissolved in Ringer's solution unless otherwise indicated. The cranial window was first superfused with Ringer's solution. After CBF was in a steady state, the superfusion solution was switched to DHE. Thirty min later, NMDA (40 M; Sigma) or kainate (10 M; Sigma) was superfused, and the evoked changes in CBF were recorded after a stable increase in CBF was reached, usually after 10 min. The concentration of NMDA used does not induce spreading depression, as verified by simultaneous recordings of CBF and electrical activity (Zhang et al., 1995; Ayata and Moskowitz, 2006) , and does not damage the brain, as determined histologically (Girouard et al., 2006) . The experiment was terminated 30 min after the start NMDA superfusion and ROS production was assessed as described above.
In separate mice, we tested the effect on CBF and ROS of the NMDA receptor inhibitor MK-801 (200 M; Sigma), the free radical scavenger Mn(III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP; 100 mol) (Niwa et al., 2000) , the soluble guanylyl cyclase (sGC) inhibitor 1 H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ 100 M; Cayman Chemicals) (Sobey and Faraci, 1997) , the cGMP analog 8-(4-chlorophenylthio)-guanosine 3-5-cyclic monophosphate sodium salt (pCPT-cGMP; 10, 100 M; Sigma) or the PKG inhibitor KT-5823 (5 M; Sigma) (Xu et al., 2004) . The increase in CBF evoked by NMDA was first examined during superfusion with Ringer's solution. Then, the superfusion was switched to Ringer containing DHE plus MK-801, MnTBAP, ODQ, pCPT-cGMP or KT-5823, and the CBF response to NMDA was tested again 30 min later. The stability of the CBF response to NMDA was tested in time control experiments (data not shown). Mice were killed 30 min after NMDA for ROS determination. Mice superfused only with DHE served as vehicle-treated controls.
In some mice, after testing the baseline CBF response to NMDA, the nNOS inhibitor 7-nitroindazole (7-NI; 50 mg/kg, in peanut oil; i.p.; Cayman Chemicals) (Girouard et al., 2007) was administered and the DHE superfusion was started. The CBF response to NMDA was tested 30 min after 7-NI administration, and mice were killed after 60 min of DHE superfusion for ROS determination. We also used a peptide that disrupts the association between the NMDA receptor complex and nNOS through the scaffolding protein PSD95 (Sattler et al., 1999; Park et al., 2008) . The peptide comprises the nine COOH-terminal residues of the NMDA receptor subunit NR2B and the HIV tat sequence to facilitate cell penetration (tat-NR2B9c) (Lys-Leu-Ser-Ser-Ile-Glu-Ser-Asp-Val; NR2B9c; Bio⅐Synthesis) (Sattler et al., 1999; Park et al., 2008) . A peptide in which the active sequence was scrambled (s-tat-NR2B9c) served as control (Sattler et al., 1999; Park et al., 2008) . The effect of NMDA on CBF or ROS production was tested before and after superfusion with tat-NR2B9c (20 M) or s-tat-NR2B9c (20 M) for 30 min. In other studies, we examined the effect of tat-NR2B9c, s-tat-NR2B9c or KT-5823 on CBF responses evoked by neural activity (functional hyperemia) or endothelium-dependent and -independent vasodilators. To study functional hyperemia, the somatosensory cortex was activated by gently stimulating the contralateral whiskers at 3-5 Hz for 60 s and the evoked increase in CBF was recorded. Endothelium-dependent vasodilation was tested by examining the CBF increase evoked by topical superfusion of acetylcholine (ACh; 10 M; Sigma-Aldrich) or the Ca 2ϩ ionophore A23187 (3 M) for 3-5 min (Girouard et al., 2006) . Endotheliumindependent vasodilation was examined by testing the CBF response to adenosine (400 M; Sigma-Aldrich), an agent that produces vasodilation by acting on vascular smooth muscles (Phillis, 2004) . CBF responses to whisker stimulation, ACh, A23187 and adenosine were examined before and 30 min after topical application of the tat-NR2B9c peptide, s-tatNR2B9c, and KT-5823.
ROS detection in neuronal cultures. Mixed neocortical cultures [days in vitro (DIV) 13-15) from 16-to 17-d-old mouse embryos were seeded on poly-ornithine-coated glass coverslips were mounted in a perfusion chamber on an inverted microscope (Nikon E300) stage. Cells were loaded with DHE (2 M) in HEPES buffer composed of (in mM): NaCl 121, KCl 5, CaCl 2 1.8, glycine 0.01, Na-pyruvate 1, glucose 20, HEPES 17, KHCO 3 3, pH ϭ 7.35. As described previously (Kawano et al., 2006; Park et al., 2008) , the composition of the cultures assessed immunocytochemically using specific cell markers at DIV 14 was: neurons 80 -85% (microtubule associated protein-2), astrocytes 15-20% (glial fibrillary acidic protein), and microglia Ͻ1% (CD11). Cells were then pretreated with vehicle (buffer), MK-801 (5 M), MnTBAP (100 M), L-NNA (NGnitro-L-arginine) (100 M), the NADPH oxidase peptide inhibitor gp91ds-tat (1 M), its scrambled control (s-gp91-ds-tat), ODQ (100 M), or KT-5823 (5 M) for 10 min and then challenged with NMDA (40 M). We chose L-NNA as a NOS inhibitor because this inhibitor or its derivatives have been widely used in neuronal cultures (Strijbos et al., 1996; Adamson et al., 1999; Sattler et al., 1999) . ROS dependent fluorescence was recorded at room temperature every 30 s using the IPLab software and a CCD digital camera until a stable change was achieved, usually 10 -15 min. The relative intensity of ROS imaging was expressed as the ratio F t /F o , where F t is fluorescence in a given cell after application of NMDA, and F o is the baseline fluorescence of the same cell immediately before NMDA .
NO detection in neuronal cultures. Amperometric detection of NO released from neuronal cultures was performed using an Apollo 4000 Analyzer equipped with a NO-sensitive electrode (tip diameter: 0.1 M; ISO-NOPNM; World Precision Instruments), as described previously (Park et al., 2008) . After calibration of the electrode with the NO donor SNAP, NO release triggered by NMDA in cultured cortical neurons was measured. After stabilization of the baseline signal, NMDA (40 M) was applied to the extracellular buffer and NO release was monitored until a stable increase was achieved, usually 10 -15 min. After washing NMDA, the NO signal returned to baseline, and neurons were treated with MK-801, L-NNA, gp91ds-tat, s-gp91-ds-tat, ODQ, or KT-5823 and the effects of NMDA application were re-tested 10 min later. Data were digitally acquired and stored for off-line analysis.
NADPH oxidase activity. NADPH-dependent superoxide production was measured in cell-membrane fractions by an enhanced luminol-based assay as described previously . Murine RAW264.7 cells (American Type Culture Collection) were washed twice in Hanks' balanced salt solution and collected by centrifugation. After resuspension in lysis buffer (10 mM Tris-HCl, pH 7.1, 300 mM sucrose, 1 mM MgCl 2 , 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 5 M leupeptin, 1 M pepstatin A, and 10 g/ml aprotinin), cells were disrupted on ice by sonication and centrifuged (10,000 ϫ g for 10 min at 4°C). The supernatant was centrifuged and the pellet, which constitutes the membrane fraction, was dissolved in assay buffer (100 mM potassium phosphate, pH 7.0, 1 mM MgCl 2 , 1 mM EGTA, 1 mM sodium azide, 10 M FAD). 50 g of protein were incubated with 50 l of Diogenes reagent (National Diagnostics). Reactions were started by automated injection of ß-NADPH (0.2 mM) and light emission was integrated over the first 30 s of the reaction. Parallel reactions included 100 U of superoxide dismutase and results are reported as superoxide dismutase inhibitable light emission (RLU). Luminol is sensitive to both superoxide and peroxynitrite (Radi et al., 1993) . Therefore, increases in peroxynitrite produced by the reaction of NO with superoxide could also be detected. The specificity of the assay in detecting NADPH derived ROS was tested as previously described .
Electron microscopy. C57BL/6 mice (n ϭ 4) were anesthetized (150 mg/kg sodium pentobarbital; i.p.) and their brain tissue fixed by vascular perfusion with 3.75% acrolein and 2% paraformaldehyde in phosphate buffer (PB) (Milner and Drake, 2001 ). The acrolein-fixed brains were removed, and sectioned coronally (40 m thickness) through the region of the somatosensory cortex (0.4 -0.5 mm rostral to bregma) (Kazama et al., 2004 ) using a Vibratome. Sections were collected in 0.1 M phosphate buffer, and processed for the dual electron microscopic immunogold and immunoperoxidase labeling of NOX2 and nNOS, or NOX2 and the NMDA receptor subunit NR1, as described previously (Milner and Drake, 2001) . Briefly, sections were incubated 24 h at 4°C in a solution containing goat anti-NOX2 antibody (1:200 dilution; Santa Cruz Biotechnology; for specificity and characterization see (Wang et al., 2004) and rabbit nNOS (1:100 dilution) in TS containing 0.1% BSA (Wang et al., 2005) . For NOX2 immunoreactivity, sections were incubated sequentially in: (1) anti-goat IgG conjugated to biotin (Vector) diluted 1/400 in TS containing 0.1% BSA, (2) peroxidase-avidin complex (Vectastain Elite kit) in TS, and (3) 3,3Ј-diaminobenzidine (Aldrich Chemical) and hydrogen peroxide in TS. For nNOS immunogold labeling, sections were incubated in anti-rabbit IgG conjugated to 1 nm gold particles (AuroProbe One; GE Healthcare Bio-Sciences). Sections were rinsed in PBS, postfixed for 10 min in 2% glutaraldehyde and rinsed again. Gold particles were intensified by incubation for 6 min in a silver solution [Electron Microscopy Sciences (EMS)]. Sections then were postfixed for 1 h in 2% osmium tetroxide, dehydrated, and embedded in EMBed (EMS). Ultrathin sections (70 nm thick) were taken from layers 3-4 of the somatosensory cortex (Kazama et al., 2004) . These sections were collected on grids and counter-stained with Reynold's lead citrate and uranyl acetate before examination using a Philips Tecnai Biotwin transmission electron microscope connected with a digital camera (Advanced Microscopy Techniques, software version 3.2). Electron microscopic images used for analysis were obtained only in portions of the ultrathin sections at the Epon-tissue interface where the tissue antigens had greatest access to immunoreagents thereby minimizing false negative results. The ultrastructural classification of identified cellular elements was based on the descriptions of Peters et al. (1991) .
Data analysis. Data are expressed as mean Ϯ SEM. Two-group comparisons were analyzed by the two-tailed t test for independent samples. Multiple comparisons were evaluated by ANOVA and Tukey's tests, as appropriate. Statistical significance was considered for p Ͻ 0.05.
Results

NMDA receptor activation increases CBF and ROS through nNOS-derived NO
Superfusion of the somatosensory cortex with NMDA (40 M) increased both CBF and ROS (Fig. 1 A-D) ( p Ͻ 0.05; ANOVA and Tukey's test; n ϭ 5/group). The CBF increases were stable throughout the ROS measurement period (Fig. 1 B) . The increases in CBF and ROS were abolished by treatment with the NMDA receptor antagonist MK-801 (200 M) (Fig. 1C,D) ( p Ͻ 0.05 from NMDA; n ϭ 5/group). In contrast to NMDA, superfusion with kainate (10 M) increased CBF, but not ROS production ( Fig. 1C,D ; n ϭ 5/group). NMDA receptor activation increases production of neuronal NO, which contributes to the increase in CBF and to NMDA receptor signaling (Faraci and Breese, 1993; Bhardwaj et al., 1998) . Therefore, we investigated whether nNOS-derived NO is responsible for the increase in ROS evoked by NMDA. The nNOS inhibitor 7-NI (50 mg/kg; i.p.) markedly attenuated the increase in CBF evoked by NMDA (Fig.  2 A; p Ͻ 0.05). 7-NI also attenuated the ROS production evoked by NMDA (Fig. 2 B) , but not by angiotensin II (Fig. 2 B; n ϭ 5/group), an octapeptide that increases ROS via activation of angiotensin II type 1 receptors and NOX2 (Kazama et al., 2004) . In agreement with the 7-NI results, NMDA did not increase CBF and ROS in nNOS-null mice (Fig. 2C,D ; p Ͼ 0.05 from vehicle; n ϭ 5/group). A peptide disrupting the association between nNOS and NR2 attenuates the increase in CBF and ROS evoked by NMDA We used the tat-NR2B9c peptide (Sattler et al., 1999; Park et al., 2008) to determine whether the association between the NMDA receptor NR2 subunit and nNOS at postsynaptic sites is required for the effects of NMDA on CBF and ROS. First, we tested the selectivity and specificity of the cerebrovascular effects of the peptide. As anticipated, superfusion of tat-NR2B9c (1 M) attenuated the increase in CBF induced by whisker stimulation, a response dependent on NMDA receptors (Park et al., 2008) , but not CBF responses evoked by ACh, A23187, or adenosine which are not NMDA receptor dependent (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The scrambled peptide did not alter cerebrovascular responses (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Next, we examined the effects of tat-NR2B9c on the increase in CBF and ROS evoked by NMDA. tat-NR2B9c, but not the scrambled control, attenuated both the increase in CBF and ROS induced by NMDA (Fig. 2 E, F) (p Ͻ 0.05; n ϭ 5/group).
The increases in CBF and ROS are mediated by cGMP and PKG
Because most biological effects of NO are mediated by activation of sGC and cGMP (Hofmann et al., 2006) , we investigated whether this signaling mechanism is responsible for the increase in CBF and ROS induced by NMDA. The sGC inhibitor ODQ (100 M) attenuated ( p Ͻ 0.05) the increase in both CBF and ROS evoked by NMDA (Fig. 3 A, B) . The attenuations were counteracted by superfusion with the cGMP analog pCPT-cGMP (Fig.  3 A, B ; n ϭ 5/group), applied at a concentration (10 M) that does not increase resting CBF. We then used KT-5823 to determine whether PKG participates in the effects of NMDA on CBF and ROS. KT-5823, at a concentration (5 M) effective in attenuating the increase in CBF produced by pCPT-cGMP (100 M; supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material), did not affect MAP or resting CBF and attenuated the increase in CBF induced by whisker stimulation or ACh, responses in which NO and cGMP are involved (supplemental Fig.  3A -D, available at www.jneurosci.org as supplemental material). CBF responses evoked by A23187 or adenosine, which are independent of NO and cGMP, were not affected by KT-5823 (supplemental Fig. 3 E, F , available at www.jneurosci.org as supplemental material), attesting to the specificity of its cerebrovascular effects. KT5823 attenuated both the increase in CBF and ROS evoked by NMDA (Fig. 3 A, B ; n ϭ 5/group), indicating the involvement of PKG in these responses. pCPT-cGMP or pCPTcGMP ϩKT-5823 did not affect resting ROS production (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material).
NOX2 is the source of the ROS induced by NMDA receptor activation, but the ROS do not contribute to the CBF increase
We used mice lacking the NOX2 subunit of NADPH oxidase to investigate the role of NADPH oxidase in the ROS and CBF increases induced by NMDA. The increase in ROS induced by NMDA was attenuated in NOX2 Ϫ/Ϫ mice, but the CBF increase was not affected (Fig. 4 A, B ; p Ͼ 0.05 from NOX2 ϩ/ϩ ; n ϭ 16.7 Ϯ 1.2; NMDA ϩ 7-NI: 17.6 Ϯ 0.9 perfusion units; p Ͼ 0.05 from control) (*p Ͻ 0.05 from NMDA; t test; n ϭ 5/group). B, 7-NI attenuates the increase in ROS induced by NMDA, but not that induced by topical application of AngII (50 nM) (*p Ͻ 0.05 from Ringer; # p Ͻ 0.05 from NMDA and AngII ϩ 7-NI; ANOVA and Tukey's test; n ϭ 5/group). C, NMDA does not increase CBF in nNOS Ϫ/Ϫ mice (*p Ͻ 0.05 from nNOS ϩ/ϩ ; t test; n ϭ 5/group). D, NMDA does not increase ROS in nNOS Ϫ/Ϫ mice (*p Ͻ 0.05 from nNOS ϩ/ϩ and p Ͼ 0.05 from Ringer in F; ANOVA and Tukey's test; n ϭ 5/group). E, Tat-NR2B9c, a peptide that disrupts the association between the NMDA receptor complex and nNOS, but not its scrambled control (sTat-NR2B9c), attenuates the increase in CBF induced by NMDA (*p Ͻ 0.05 from sTat-NR2B9c; n ϭ 5/group). F, Tat-NR2B9c, but not sTat-NR2B9c, attenuated NMDA induced ROS production (*p Ͻ 0.05 from Ringer and Tat-NR2B9c; ANOVA and Tukey's test; n ϭ 5/group). 5/group). The increase in CBF induced by NMDA was attenuated by 7-NI (Fig. 4 A) , attesting to the fact that the vasodilatation was NO-dependent also in NOX2 Ϫ/Ϫ mice. To examine the contribution of ROS not derived from NADPH we used MnTBAP, a compound that scavenges both superoxide and hydrogen peroxide (Day et al., 1997) . MnTBAP (100 M; topical superfusion), blocked the increase in ROS induced by NMDA, but did not alter the associated increase in CBF (Fig. 4C,D) ( p Ͼ 0.05 from NMDA; n ϭ 5/group). To test whether NO has direct effects on NADPH oxidase activity, we assessed NADPH oxidase catalytic activity using a cell-free system . In agreement with previous findings (Selemidis et al., 2007) , the NO donor diethylamine NONOate attenuated NADPH oxidasedependent ROS production in membrane preparations (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material), ruling out that the increase in ROS evoked by NMDA is mediated by direct effects of NO on NOX catalytic activity.
NOX2 is localized to endomembranes in neocortical somata and dendrites that express NMDA receptors and nNOS Next, we sought to provide ultrastructural evidence supporting the involvement of NADPH oxidase and nNOS in NMDA receptor-dependent ROS production. Immunogold labeling for NOX2 was associated with endomembranes within the cytoplasm in postsynaptic somatodendritic profiles that also contained immunoperoxidase labeling for nNOS (Fig. 5A) . In addition, NOX2 immunoreactivity was also shown to be present in somata and dendrites that expressed the NMDA receptor essential subunit NR1 (Fig. 5 B, C) . Together, these observations show that NOX2 has a subcellular location consistent with involvement in NMDA-induced ROS production, which may be influenced by NO signaling in somatosensory cortical neurons.
NMDA induces NOX2-dependent ROS production through NO, cGMP and PKG in cortical neuronal cultures
In neuronal cultures, NMDA (40 M) increased ROS production assessed using DHE. The increase in ROS was attenuated by MK-801 (5 M) or L-NNA (100 M), attesting to its dependence on NMDA receptors and NOS activity (Fig. 6 A, B) . Furthermore, the ROS increase was blocked by the NADPH oxidase peptide inhibitor gp91ds-tat (1 M), but not its scrambled control (Fig. 6 B) . Similarly, the increase in ROS was attenuated by ODQ (100 M) or KT-5823 (5 M) (Fig. 6C) . NO release in the cultures was assessed using a NO electrode (Park et al., 2008) . NMDA increased the NO signal, an effect blocked by MK-801 or L-NNA (Fig. 6 D) . The increase in NO induced by NMDA was not attenuated by gp91ds-tat, ODQ or KT-5823 (Fig. 6 D) .
Discussion
We sought to determine whether ROS participate in the increase in CBF induced by NMDA receptor activation, and to identify the source and signaling mechanisms responsible for the ROS production. One of the main functions of the NMDA receptor is synaptic plasticity, a phenomenon thought to underlie learning and memory (Lau and Zukin, 2007) . Both NO and ROS are involved in synaptic plasticity, but whereas the sources of NO are relatively well defined (Garthwaite, 2008) , the sources of ROS remain controversial (Kishida and Klann, 2007) . Recent data in NOX2-null mice have implicated NADPH oxidase-derived ROS (Kishida et al., 2006) , but functional evidence linking NMDA receptor activity to NOX2-dependent ROS production was lacking. Furthermore, the signaling pathway and the ultrastructural bases for NOX2-dependent ROS production during NMDA receptor activation remained unclear. Our findings fill several knowledge gaps in the mechanisms by which NMDA receptors trigger ROS production. First, the data provide direct evidence that NOX2 is the major source of ROS during activation of NMDA receptors. Second, they demonstrate that nNOS-derived NO is the signaling molecule linking NMDA receptors to NOX2-dependent ROS production. Third, they demonstrate that the association between NMDA and nNOS via PSD95 is required for the ROS production, pointing to the involvement of synaptic NMDA receptors and excluding NMDA receptors on nonneuronal cells (Stys and Lipton, 2007) . Fourth, they demonstrate that nNOS and NOX2 are colocalized with the NMDA receptor subunit NR1 at postsynaptic sites, providing the ultrastructural bases for their interaction. Fifth, they demonstrate that NO leads to NOX2 activation via cGMP and PKG, the same signaling pathway that mediates the hemodynamic effects of NMDA. Sixth, they suggest that in the setting of NMDA receptor activation NO and ROS may not act by distinct signaling mechanisms, but that NO is upstream of ROS in the same signaling pathway. These novel observations provide a more complete understanding of the mechanisms by which NMDA receptor activation leads to ROS production.
Exclusion of potential sources of artifacts
The findings of the present study cannot be attributed to instability of the preparation or artifacts of the pharmacological agents used. Arterial blood pressure and blood gases were carefully monitored and maintained in the physiological range. The attenuation by 7-NI of NMDA-induced ROS production cannot be due to a ROS scavenging effect or to NADPH oxidase inhibition, because 7-NI did not attenuate the increase in ROS evoked by angiotensin II, a response also mediated by NOX2-derived ROS (Kazama et al., 2004) . Similarly, the cerebrovascular effects of ODQ, KT-5823 and tat-NR2B9c cannot be attributed to attenuation of all vascular responses independent of their mechanism: ODQ and KT-5823 inhibited only NO-dependent responses whereas tat-NR2B9c inhibited only responses dependent on NMDA receptor activation. The effect of ODQ and KT-5823 cannot be attributed to inhibition of nNOS rather that sGC and PKG because these inhibitors did not alter the NO production induced by NMDA in neuronal cultures. Finally, in some systems NO and ROS can rapidly interact and inactivate each other, thereby reducing their respective concentrations (Pacher et al., 2007) . However, there was little evidence of interaction between NO and ROS in our cultures, because inhibition of NO synthesis did not enhance ROS production and ROS scavenging did not enhance NO production.
NO links NMDA receptor activation with ROS production
We found that nNOS-derived NO is an absolute requirement for the ROS production evoked through NMDA receptors. Although NO can act as antioxidant by reacting with superoxide (Pacher et al., 2007) , our data demonstrate that NO can activate a signaling pathway that leads to ROS production. NO failed to increase NADPH oxidase-dependent ROS production in a cell free system, ruling out an enhancing effect of NO on NOX2 catalytic activity. Rather, the effect of NO on ROS production requires sGC, cGMP and PKG activation. The pro-oxidant effects of NO and cGMP have also been described in the heart (Xu et al., 2004) . The specificity of the involvement of NO in NMDA-induced ROS production is demonstrated by our observation that the ROS increase produced by angiotensin II, which is also mediated by NOX2 (Kazama et al., 2004) , is not affected by nNOS inhibition. These data provide evidence for a previously unrecognized signaling mechanism linking NMDA receptor activation with NOX2-derived ROS production through NO.
NOX2 is a major source of ROS during NMDA receptor activation
Recent data have implicated NADPH oxidase derived ROS in NMDA receptor signaling. For example, NADPH oxidase derived ROS are needed for the NMDA receptor-dependent activation of extracellular regulate kinase (ERK) in the hippocampus, a key signaling step in synaptic plasticity, and are involved in hippocampal long term potentiation (Kishida et al., 2005) . Mice lacking the NADPH oxidase subunits NOX2 or p47 phox have mild deficits in learning and memory (Kishida et al., 2006) , as has been suggested to occur in patients with chronic granulomatous disease, a genetic condition caused by mutations of the genes encoding for NADPH oxidase complexes (Pao et al., 2004) . However, it remained unclear whether NMDA receptor activation evokes ROS production from NADPH oxidase. Here, we provided in vivo and in vitro evidence that NMDA receptor activation induces ROS production via a NOX2 containing NADPH oxidase. The functional interaction between NOX2, nNOS and NMDA receptors was substantiated by ultrastructural studies indicating a postsynaptic somatodendritic distribution of NOX2, NMDA receptors, as well as nNOS. Therefore, our data support the following scenario. NMDA receptor activation leads to increased NO production by activating nNOS, a process that depends on the association of nNOS with postsynaptic NMDA receptors. NO, in turn, activates sGC increasing cGMP production, which leads to activation of PKG and increased NOX2 activity. The mechanisms by which PKG activates NADPH oxidase have not been elucidated. However, the observations that NMDA activates Rac1 in mouse hippocampal neurons (Tejada-Simon et al., 2006) and that PKG activates Rac1 in HEK293 cells (Hou et al., 2004) , support the involvement of this GTPase. Regardless of the mechanisms of PKG activation, our findings identify NOcGMP-PKG signaling as the critical link between NMDA receptors and NOX2-dependent ROS production.
Concentrations of NMDA (100 -300 M) higher than those used in the present study (40 M) can trigger ROS production from other sources, especially mitochondria (Dugan et al., 1995b; Reynolds and Hastings, 1995; Bindokas et al., 1996) . Therefore, under conditions of excessive NMDA receptor activation other source of ROS could also be involved. Alternatively, NADPH oxidase-derived ROS could prime the mitochondria to produce additional radicals, as reported to occur in the heart (Kimura et al., 2005) and suggested by our own finding that NOX2 is located near mitochondria in neurons. Therefore, additional ROS sources downstream of NADPH oxidase cannot be excluded, especially with NMDA receptor overactivation.
NMDA receptor-dependent hyperemia does not require ROS Activation of NMDA receptors is a critical step in the coupling between neural activity and CBF (Iadecola and Nedergaard, 2007) . ROS derived from NMDA receptor activation are vasoactive and could contribute to the increases in CBF. ROS are potent cerebrovasodilators (Wei et al., 1985 (Wei et al., , 1996 , and have been implicated in flow-mediated vasodilatation and in the vasodilatation produced by bradykinin, the Ca 2ϩ ionophore A23187 and arachidonic acid (Kontos et al., 1984; Niwa et al., 2001; Faraci, 2006; Paravicini et al., 2006) . Previous studies did not measure A shows immunogold labeling (small arrows) for NOX2 located near endomembranes (em) and mitochondria (m) in two somata that also exhibit diffuse cytoplasmic immunoperoxidase labeling for nNOS (Nox2/nNOS-so). Within the neuropil, NOX2-immunogold (arrows) is seen near endomembranes (em) in a small dendrite (Nox2-de) without nNOS labeling. B, C, immunogold labeling (small arrows for NR1 in the cytoplasmic compartment of dendrites showing dense aggregated endomembrane (em) labeling for NOX2 (NOX2/NR1-de). These dendrites also contain several mitochondria (m) and coated vesicles (cv). Scale bars, 500 nm.
CBF and ROS simultaneously, and used concentrations of NMDA (100, 300 M) that cause spreading depression (Arrick et al., 2007) , a phenomenon well known to confound the hemodynamic effects of NMDA (Zhang et al., 1995; Ayata and Moskowitz, 2006) . Therefore, we evaluated the cerebrovascular effects of NMDA by measuring CBF and ROS in the same animal and using concentrations of NMDA that do not induce spreading depression. We found that ROS are not involved in the hemodynamic response induced by NMDA, which is mediated by NO and sGC through the cGMP effector kinase PKG. Although these observations do not support a role of ROS in the hemodynamic response to NMDA, they identify PKG as a key target of the NO signaling mediating functional hyperemia.
Conclusions
We have provided in vivo and in vitro evidence that NMDA receptor activation elicits ROS production from a NOX2-containing NADPH oxidase through signaling pathway involving NO, cGMP and PKG. Ultrastructural evidence indicates that NMDA receptors, nNOS and NOX2 are located postsynaptically in the same neurons and in close proximity. However, NMDAinduced ROS do not play a role in the increase in CBF evoked by NMDA receptor activation, which is entirely dependent on NO, cGMP and PKG. Although the mechanisms by which PKG activates NADPH oxidase have not been elucidated, increasing evidence points to PKG-dependent activation of the small GTPase Rac1, an essential step in NADPH oxidase activation. These novel findings demonstrate that NADPH oxidase, colocalized postsynaptically with nNOS and NR1, is a major source of ROS generated by NMDA receptor activation, and that NO is the essential link between NMDA receptor activity and NOX2-dependent ROS production. f) . B, NMDA (40 M) increases ROS production (n ϭ 7). The increase is blocked by MK-801 (5 M; n ϭ 5), MnTBAP (100 M; n ϭ 9), the NOS inhibitor L-NNA (100 M; n ϭ 14), the peptide inhibitor of NADPH oxidase gp91ds-tat (gp91ds; 1 M; n ϭ 10), but not a scrambled control peptide (sgp91ds; 1 M; n ϭ 7) (*p Ͻ 0.05 from vehicle; ANOVA and Tukey's test). C, The increase in ROS induced by NMDA is attenuated by ODQ (100 M; n ϭ 10) or KT5823 (5 M; n ϭ 6) (*p Ͻ 0.05 from vehicle; ANOVA and Tukey's test). D, NMDA (40 M) increases NO release. The increase is blocked by MK-801 or L-NNA (100 M). gp91ds-tat (gp91ds; 1 M), ODQ, and KT5823 do not affect NMDA-induced NO release (*p Ͻ 0.05 from NMDA; ANOVA and Tukey's test; n ϭ 4/group). Scale bar, 10 m.
